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At the current level of magnetodynamic experiments, even relatively small signal levels are sufficient to detect spin waves 1 propagating in magnonic waveguides. However, the prospects for magnonics and magnonic technology 2 depend on the availability of means for efficient injection of coherent spin waves into magnonic waveguides. 3 The sought for well defined oscillatory phase relationship between multiple injection sites is not readily achievable by the methods of spin wave excitation demonstrated so far. Indeed, the most commonly used inductive excitation relies upon fabrication of impedance matched microantennas, 4 which, however, suffer from increased Ohmic losses upon down scaling. Moreover, multiple current leads are required to deliver the microwave signal to antennas located at different positions on a "magnonic" chip, which will potentially present an architectural headache to circuit designers. The spin-transfer-torque ͑STT͒ based methods 5 and those based on the vortex annihilation 6 are broadband and truly nanoscale but unfortunately lack coherence. The phase locking between multiple STT oscillators was demonstrated in Ref. 7 , but the compatibility of phase locking conditions with requirements of magnonic architectures has not been established. Ultrafast optical excitation 8 is currently impractical for magnonic circuitry purpose due to the lack of compact ͑ideally, on-chip͒ sources of short optical pulses.
In this letter, we propose a wireless method of propagating spin wave excitation in which a uniform ferromagnetic resonance based antenna couples to free space microwaves ͑global and uniform from the antenna's point of view͒ and converts them directly into finite wavelength spin waves propagating in stripe magnonic waveguides. The principle of action is based on dispersion mismatch at the boundary between the antenna and magnonic waveguide. 9 The method is demonstrated here for micrometer scale devices using time resolved scanning Kerr microscopy ͑TRSKM͒. 10 We discuss how this demonstration can pave way for future studies of nanoscale magnonic architectures.
Specifically, we studied a 110 nm thick Permalloy microstructure ͓Fig. 1͑a͔͒ formed on a 0.17 mm thick glass cover slip. The sample with Permalloy film facing up was overlaid onto a 0.5 mm wide central conductor of a coplanar waveguide made out of printed circuit board. The circuit was used to deliver either pulses of 70 ps duration from a pulse generator or cw microwaves from a microwave generator to the sample. The pulse and microwave generators were synchronized with a Ti:sapphire laser producing ϳ100 fs optical probe pulses of 800 nm wavelength at the repetition rate of 80 MHz. The optical pulses were frequency doubled, and a microscope objective was used to focus them to a ϳ400 nm diameter circular spot on the sample surface. The pulsed or cw microwave magnetic field ͑h rf ͒ was modulated at a frequency of 3 kHz. The Kerr polarization rotation of the reflected optical pulse was then measured using an optical bridge detector and a lock-in amplifier. The detected signal was proportional to the out-of-plane component of the dynamic magnetization averaged over the optical spot area. To acquire time resolved signals, a mechanical translation stage was used to vary the time of arrival of the optical pulses to the sample for a fixed position of the optical spot on the surface of the sample. To acquire images of the dynamic magnetization ͑i.e., Kerr rotation͒ at a fixed time of arrival of the probe pulse, a piezoelectric scanning stage was used to move the optical spot on the sample surface via scanning the objective lens within a horizontal plane parallel to the sample surface. The scanning also yielded a reflectivity image of the sample by simultaneously recording the dc intensity of light reflected from the sample. Figure 1͑b͒ presents a 100ϫ 100 m 2 scanned reflectivity micrograph of the sample. The sample consists of millimeters long parallel microstripes of 10 m width and 40 m center to center spacing with one of their ends connected to a common millimeter-sized rectangular-shaped film region. The other ends of the stripes are beyond the present study. 11 The interstripe spacing is large enough to neglect any interaction between them. Figure 1͑c͒ displays the part of the reflectivity image defining the boundary of the Kerr images shown later. As depicted in Fig. 1͑a͒ , the external in-plane static magnetic field ͑H ext ͒ and the dynamic magnetic field were perpendicular and parallel to the long axes of the stripes respectively.
First, we investigated the frequency response of the sample to a broadband excitation by the 70 ps magnetic pulses for a bias magnetic field of 154 Oe. Later we verified that the phenomenon of spin wave injection reported here was also observed at greater values of the applied field. First, the laser spot was placed at the point within the wide continuous film area, as indicated by a red dot ͑number 1͒ in Fig.  1͑b͒ . The measured time resolved signal and its Fourier spectrum are displayed in Figs. 2͑a͒ and 2͑b͒ , respectively. The frequency of the dominant uniform precessional mode is 3.6 GHz, with a smaller peak also observed in the spectrum at 6.4 GHz. The results of similar measurements with the laser spot located at the point within the stripe indicated by the green dot ͑number 2͒ in Fig. 1͑b͒ are shown in Figs. 2͑c͒ and   2͑d͒ . The dominant uniform precessional mode has a frequency of 2.5 GHz, which is 1.1 GHz lower than in the continuous film part of the sample ͑red dot͒. This can be attributed to the reduction in the internal magnetic field in the stripe by the demagnetizing field due to the magnetic charges formed at and near the edges of the stripe.
The observed difference in the frequency of the uniform precessional modes in the stripe and continuous film constitute the basis of the proposed magnonic architecture. Indeed, the modes can be considered as magnetostatic spin waves with an infinite wavelength ͑i.e., with their wave vector k =0͒. Then, as plotted in Fig. 2͑e͒ , the dispersion of magnetostatic spin waves propagating inside the "continuous film" area and in the stripe in the direction perpendicular to the applied magnetic field ͑and hence parallel to the long axis of the stripe͒ will be different, with the relative frequency shift approximately equal to the difference between the frequencies of the two corresponding uniform modes. The plot suggests that the uniform precession of the continuous film ͑k = 0 on the solid curve͒ should be able to leap into a spin wave mode with a finite k value propagating inside the stripe as indicated by the red dotted line. The translational symmetry of the system is broken at the junction between the semiinfinite continuous film and the end of the stripe. This allows the uniform mode in the film to overcome the momentum gap, as required for the excitation of the nonuniform spin wave in the stripe. The latter spin wave is predicted to have a wavelength of about 36 m.
In order to verify the hypothesis, we excited the sample by a cw microwave with frequency of 3.60 GHz, which corresponds to the uniform mode inside the film, while keeping the external bias field unchanged at 154 Oe. The time resolved signal measured with the laser spot positioned inside the film area is plotted in Fig. 2͑f͒ . As expected, a harmonic signal was observed with the frequency equal to that of the exciting microwave field. Then, we acquired images of the dynamic magnetization in the area defined by the reflectivity image shown in Fig. 1͑c͒ at different time delays at the time axis of Fig. 2͑f͒ . The results are shown in Fig. 3 , left panel, ͑a͒-͑i͒. The particular values of time delay were chosen so as to span a single cycle of the magnetic precession ͓Fig. 2͑f͔͒.
First, we observe the film region to evolve from bright ͓Fig. 3, left panel, ͑a͔͒ to dark ͓Fig. 3, left panel, ͑e͔͒ and to bright ͓Fig. 3, left panel, ͑i͔͒ again. This agrees with the fact that the film is driven in resonance with the excitation ͑pump͒ cw field. The color change in the film begins to occur near to the film edge ͓Fig. 3, left panel, ͑b͒ and ͑g͔͒, indicating a phase lead of the precession at the film edge relative to the film interior. This is explained by the magnetization near the edge experiencing an effective field due to the magnetostatic charges dynamically formed at the edge. This boosts the effective magnetic field experienced by the edge magnetic moments. Therefore, the pump cw field is driving the moments below their natural resonance frequency, which gives rise to the observed phase lead.
Second, the entire stripe region becomes brighter at certain time delays ͓Fig. 3, left panel, ͑b͒, ͑c͒, and ͑d͔͒ and darker for some other time delays ͓Fig. 3, left panel, ͑f͒, ͑g͒, and ͑h͔͒. This indicates that the precession inside the stripe lags behind that in the film, since the pump cw field is driving the wire above its resonance. This is consistent with the observed uniform resonance frequency of the stripe of 2.5 GHz ͓Fig. 2͑d͔͒, which is well below the pump frequency. 
͑Color online͒ ͓͑a͒ and ͑b͔͒ The time resolved signal measured from dot 1 in Fig. 1͑b͒ using pulsed excitation is shown together with its Fourier spectrum. ͓͑c͒ and ͑d͔͒ The time resolved signal measured from dot 2 in Fig.  1͑b͒ using pulsed excitation is shown together with its Fourier spectrum. ͑e͒ The theoretical dispersions spin waves in the quasicontinuous film area ͑solid line͒ and in the stripe ͑dashed line͒ are shown. The dotted line indicates the hopping of the uniform precessional mode in the film into a finite wavelength mode in the stripe. ͑f͒ The time resolved signal in the continuous film region is shown for the excitation by a cw microwave at 3.60 GHz.
Third, which is most important in this study, we observe injection of spin wave ripples from the film into the stripe. The propagating nature of these ripples is more apparent when viewed through a computer animation. 12 The propagation of the ripples is also obvious from the line scan of the measured Kerr signal along the central axis of the stripe ͓white dashed line in Fig. 1͑c͔͒ in images shown in Fig. 3 , as shown in the right panel of the same Figure with blue dots. The experimental data were fitted to a decaying harmonic wave form exp͑−x / d͒ cos͑2x / −2ft͒, where x is the distance along the stripe and t is time. For the excitation frequency f = 3.6 GHz, the best fit to the data ͑blue dots͒ is obtained for wavelength and decay length d both equal to 25 m, as shown by the green curves in the right panel of Fig. 3 . The fitted wavelength is fairly comparable to the earlier predicted value of 36 m.
In summary, we have demonstrated the injection of propagating spin waves into stripe magnonic waveguides by continuous film antennas. The latter act as magnonic sources-the key elements of envisaged magnonic chips. 2 The method does not require fabrication of narrow current leads to deliver the microwave signal to the excitation position but allows the excitation power to be drawn from free space microwaves. This ensures that the spin waves excited by multiple antennas are phase coherent as long as the size of the magnonic chip remains small compared to the microwave wavelength, typically of several millimeters. Information could be encrypted into the phase of the propagating spin waves emitted by different antennas, carried across the chip along the stripes, and manipulated, as described in previous demonstrations either numerically 13 or using mm scale devices.
14 The basic concept of the uniform resonance frequency mismatch is not limited to devices formed from the same thin magnetic film. 15 Our finding could make the magnonic information processing a feasible technology, while the method is expected to be useful in fundamental investigations in magnonics. 
